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PREFACE

This final report covers the work that Applied Research Lsboratories was
tasked to perform under Contract N00039-88-C-0043, TD No. 01A044.0,
entitled Bottom Penetration at Shallow Grazing Angles
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EXECUTIVE SUMMARY

This work was conducted under the project bottom penetration at shallow
grazing angles. The objective is a new theory of acoustic bottom penetration

and backscatter to account for recent experimental observations.

An experiment was performed in a laboratory tank with 1 m of unwashed
river sediment under a 3 m water column. A vertical array of hydrophones was

positioned in the sediment. A projector was positioned 0.5 m above the

sediment interface. It was mounted on a rolling platform so that the projector's
horizontal position could be adjusted. Measurements 0i the arrival times of

signals at each hydrophone from the projector were taken and compared with

Snell's law calculations, based on the expected speed of sound in the water

and the sediment.

It was found that, at near-normal incidence, propagation times matched

those predicted by the Snell's law calculations. At shallow grazing angles the
propagation times suggested the existence of a new kind of propagation: one

with a significantly slower sound speed. These results are consistent with

earlier experiments by Chotiros at Kings Bay, South Carolina, and Panama

City, Florida.

The existence of such a wave is predicted by the Biot theory for acoustic
propagation in fluid-filled porous media. The Biot theory differs from other

commonly used models in that it treats the sediment as a two-phase medium; it
is a porous skeletal structure through which a separate fluid component flows
freely, rather than simply a single phase viscoelastic fluid or a solid. An

interesting prediction from the Biot theory is the existence of two compressional

acoustic waves. For the faster of these waves, the fluid component moves in
phase with the solid skeletal structure. It is slmilar to the common
compressional wave that propagates through a solid. In the slow wave, the fluid

component oscillates out of phase with the solid skeletal structure. This wave
usually attenuates rapidly and is difficult to detect. To the authors' knowledge,

Blot slow waves have not previously been detected in natural sandy sediments.



In order to conclude that the results described here are due to the Blot
slow wave, further study is required concerning several input parameters upon
which the Biot wave speeds and attenuations depend. Several of these

parameters are difficult to measure and have not been satisfactorily determined.
It was found that one can get the Biot model to predict our experimental results
by varying these input parameters appropriately.

Additionally the effect of gas content within the sediment needs to be

studied. By combining the Blot model with a model developed by Hawkins
(ARL:UT) on the properties of gassy fluids, some simple calculations were made
of reflection coefficients and wave speeds as functions of gas content.

Significant dependance of these wave speeds and reflection coefficients on gas
content was observed.

These results have important implications not only for high frequency

acoustic bottom penetration, but also for shallow water propagation models
over a wide band of frequencies. They indicate the existence of penetration
and forward reflection loss mechanisms that are not accounted for in the current
models



1. INTRODUCTION

0 This work was conducted under the project bottom penetration at shallow
grazing angles (TD No. 01A044). The objective is a new theory of acoustic
bottom penetration and backscatter to ,-ccoult for recefit experimental
observations.

In recent years there has been considerable interest in acoustic
propagation through sandy sediment. It is noteworthy that current theoretical
models do not always predict experimental observations well. Muir et a.1

performed an experiment wherein a 20 kHz acoustic beam was incident upon a
sediment surface from a water column above. When the signal was incident on
sediment at a shallow grazing angle, unexpected complications were found that
were attributed to a bottom interaction. Williams et al.2 performed some
measurements of a similar beam and compared the resulting pressure fields in
the sediment with theory. Observations were generally consistent, except at

subcritical grazing angles. In these cases the pressure fields bore little
resemblance to those predicted by theory.

In -,989 Chotiros 3 ,4 summarized the results of some acoustic penetration

experiments at sea. In these experiments signals broadcast from atop
underwater towers were measured by hydrophones buried at varioni. depths
and locations around the towers. It was found that, at shallow grazing angles,
sound speeds and attenuations were not well modeled by current theories,
which treat the sediment as either a fluid or solid medium.

The speed of sound in the sediment had been measured prior to each of
Chotiros' experiments and was near 1742 m/s. Since this speed is faster than
the speed of sound in the water column above, acoustic wavefronts from the
water are expected to behave as in Fig. 1.1, wherein the wavefront bends up
toward the boundary upon refraction. Associated with this refraction is a critical
grazing angle. A wavefront incident at less than the critical grazing angle will

experience total internai reflection back up into the water column above, leaving
ro refracted enernv in the sediment.
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Chotiros found a significant amount of acoustic energy deep in the
sediment, even when the incident wavefront was at a grazing angle below
critical. Furthermore, the wavefronts in the sediment associated with this energy
seemed to propagate at close to 1200 m/s. He suggested that a previously
undetected type of acoustic propagation may exist, one with a sediment sound
speed of about 1200 m/s. If such a wave does exist, it should refract at the
interface as in Fig. 1.2. No critical grazing angle exists for this type of
refraction.

An experiment was designed and conducted in the ARL:UT tank
laboratory to detect and measure the speed of these slow acoustic waves in ai
isolated environment, as described in Seuiion 2. A slow wave was clearly
detected at shallow grazing angles. A possible explanation in terms of Bot's
theory is given in Section 3. Our conclusions and plans for further work are
given in Sections 4 and 5.
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2. LABORATORY TANK EXPERIMENT

2.1 PROCEDURE

Our apparatL,.; is illustrated in Fig. 2.1. This laboratory tank, constructed

18 years ago for earlier research, measures 18.29 m long, 4.57 m wide, and

3.65 m deep. The tank contains 1 m of unwashed river sediment under a 3 m

water column. The sediment had been slowly poured through the water column

and allowed to settle. A collection of hydrophones were then buried at various

depths. Over the tank was a motorized platform which could be moved to any

position along the length of the tank. Attached to this platform was a vertical

column on the bottom of which was mounted an acoustic projector. A data

collection sequence consisted of (1) positioning the platform to a specific

location along the length of the tank, (2) insonifying the buried hydrophones

with a short acoustic pulse from the projector, and (3) sampling the signals from

each buried hydrophone for 6 ms. A complete collection of data consisted of

about 225 such data collection sequences taken at incremental locations along

the length of the tank.

The experiment was managed on a Macintosh computer through a

Labview interface. The computer generated a periodic trigger which was sent

to a signal generator that created a short pulse for the acoustic projector to

transmit. The timeseries signals from each buried hydrophone were amplified,

filtered, converted from analog to digital, and returned to the Macintosh disk for

later analysis.

Of critical importance to our experiment is the flatness of the water-

sediment interface in our tank. We measured it to be flat to within a 1.8 cm

standard deviation, with no measurable mean gradient from one end of the tank

to the other. We took data at wavelengths (in water) as short as 2.5 cm. At

small grazing angles, the vertical component of the wavelength is large in

comparison with the variation in height of the sediment. We therefore treated

the interface as a flat surface.

We used two types of pulses. One was a two cycle pulse at 60 kHz. The

other was one cycle at 30 kHz. The signals were generated by an Exact

Electronics signal generator and amplified to get a peak current of 5 A through

5
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the projector. This was the maximum current allowed by the TR 225 projector.
We computed our source level at 191 dB re 1 gPa at 1 m. This appears to have

been generally adequate for producing a measurable signal-to-noise ratio at

the buried receivers, even at very shallow grazing angles. The data were
processed via Hilbert transform so that the envelope of the signal from each

probe could be displayed.

2.2 RESULTS

The data from each buried hydrophone were presented for analysis as

described in Fig. 2.1 and shown in Figs. 2.2 - 2.5. The vertical axis represents

the time delay after transmission. The horizontal axis is the horizontal position

of the projector along the length of the tank. The colors represent the acoustic
0 intensity measured by a buried hydrophone. Each data collection sequence is

represented by a thin vertical strip, on which acoustic intensity is plotted against

time delay. When all the data are presented, a narrow bright curve of peak

acoustic intensity is apparent. This curve is an experimental plot of the pulse

travel time measured by the buried hydrophone as a function of the horizontal
position of the projector. The delay time is a minimum when the projector is

directly over the hydrophone, a position we call top dead center.

0 Figure 2.2 shows the data measured by a probe at the water-sediment

interface. Overlaid onto the data in black is a plot of the theoretical prediction of

the pulse travel time as a function of projector position along the length of the

tank. This prediction is based on the known speed of sound in the water. The

* experimental data and the prediction line up well, thus providing a confidence

check of the calibrations involved.

Figure 2.3 shows the data as measured by a hydrophone buried 8 cm

* deep in the sediment. Overlaid onto these data are three curves that represent

different predicted travel times of the pulse at the hydrophone, based on three

models of acoustic propagation in the sediment. The bottom curve is a Snell's

law calculation for a refracted wave, based on the known speed of sound in the

water of 1489 m/s and a sediment sound speed of 1675 m/s, consistent with

17
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earlier measurements in the tank.1 It will be called the "fast refracted" model.
The middle curve shows the predicted arrival of an evanescent wave at a point

on the interface directly above the hydrophone. This will be called the
"evanescent" model. The top curve is another Snell's law prediction, wherein

the sediment sound speed is assumed to be 1200 m/s, the "slow refracted"

model.

At normal incidence the fast refracted model is in good agreement with

experimental observations. As the horizontal separation between the projector
and receiver increases, the observed arrival times favor either the evanescent

or the 1200 m/s refracted wave. It is difficult to distinguish between these two

models at this depth.

Figures 2.4 and 2.5 show the data as measured by hydrophones at

33 cm and 61 cm below the interface, respectively. Overlaid onto the data are

the models for fast refracted, evanescent, and slow refracted waves. The arrival

times are generally well modeled by the fast refracted wave at near-normal
incidence, whereas at shallower grazing angles the slow refracted model

clearly fits the data best.

The data presented were from a 2 cycle 60 kHz pulse input to the

projector, with bandpass filtering between 50 and 70 kHz at the receivers. Data
was also collected using a 30 kHz pulse. The latter results, not shown,

generally exhibited the same kind of behavior, though signals were

considerably weaker in comparison with background noise.

2.3 DISCUSSION

The observed arrival times at shallow grazing angles appear to favor the

slow refracted model. We consider a few possible explanations for this.

One possible explanation is that the sediment might be an anisotropic

medium; because the sediment was slowly sifted into the tank and allowed to

settle there could be some horizontal stratification. If the speed of sound in the
horizontal direction differed significantly from that in the vertical direction, our

results might be explainable. Specifically, if the horizontal speed of sound were

17



near 1200 m/s, our data would be consistent. The horizontal sound speed in

the tank, however, has been measured at 1669 ±83 m/s.

Another possibility is ducting in narrow horizontal channels in the

sediment. It could be that the abovementioned measurement of horizontal

sound speed was outside such a channel and thus failed to detect any slow
propagation. The observed 1200 m/s acoustic wave might then be the result of

slow effective propagation through a duct. This explanation seems unlikely in

the light of the fact that the same 1200 m/s acoustic waves were observed by

receivers at several different depths.

It is not likely that the 1200 m/s wave is a shear wave. Shear waves have

been measured for sandy sediments similar to that in our tank, and generally

travel at less than 150 m/s, an order of magnitude slower.5 7

18



3. BlOT MODEL

3.1 BlOT THEORY

An interesting possible explanation for the effects we are seeing is
offered by the Biot 8 -1 1 theory for acoustic propagation in fluid-filled porous
media. Generally, other models used to describe the sediment are single

phase models, assuming either a solid or viscoelastic fluid type of medium. The
Biot theory applies to a medium that consists of a solid skeletal frame, through
which a fluid component is allowed to flow freely. Biot derived the following
coupled pair of differential equations that govern the displacements of the fluid
and solid components.

2

NV u + grad [(A+N)e +Q] = ((p1+p 12)u +P 12U)
aqt

2

grad [Qe + RE] =- (P 12u + (p 12+P2)U)

at

where

U = fluid displacement vector,

u = solid displacement vector,

e = div u,
C = div U,

N = shear modulus,

A,Q,R = constants,

Pi = mass of solid / unit volume,

P2 = mass of fluid / unit volume, and

P12 = solid-fluid coupling coefficient.

By performing certain operations on this pair of equations, it is possible to
derive the acoustic properties of the medium. For example, by taking the curl of

both sides of both equations, one can arrive at a wave equation that describes

the propagation of shear waves. By taking the divergence of both equations

19



one can find a coupled pair of wave equations that govern the propagation of

compressional waves.

It is interesting that the Biot theory predicts two compressional waves.

The faster of these is a wave wherein the fluid moves in phase with the solid
frame that defines the porous medium. This wave is usually dominant and

corresponds to the common comp qssional wave that travels through an
ordinary solid medium. The slower wave usually attenuates rapidly and has
not, to the authors' knowledge, previously been detected in natural sandy

sediments.

According to the Biot model, an incident acoustic wave from the water to

the sediment will excite three refracted waves at the boundary, as in Fig. 3.1. If
the wavefront is incident at below the critical angle for this fast refracted wave,
the fast wave will not exist in the sediment, allowing the slow and shear waves
to dominate. Wu et al.1 2 demonstrated that, for a synthetic material made of
fused glass beads, the transmission coefficients for the Biot waves were

sensitive to the grazing angle. At greater than the critical angle, the
transmission coefficient for the fast wave was much greater than that for the

slow wave. At grazing angles less than critical, the fast wave's transmission
coefficient vanished, whereas that for the slow wave increased. If the sediment
in our experiment behaves similarly, this could explain why the fast refracted
model is applicable at near-normal incidence, whereas the slow wave fits best

at shallow grazing angles.

3.2 BlOT MCEL COMPARISON WITH EXPERIMENT

In order to use the Biot model as a possible explanation for the apparent

slow acoustic propagation, one must determine what wave speeds the Biot
model predicts. One of the difficulties in using the Biot model is its sensitive

dependence on input parameters that are not well defined or easily measured.
Stern et al.13 and Stoll et al.14 collected values for all of the parameters that
were believed to characterize typical sandy sediments. By applying Stern's

values, listed in Table 3.1, to the Biot model, one obtains the sound speed

curves in Fig. 3.2. In this plot, the predicted Biot wave speeds are displayed as

20
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TABLE 3.1

BlOT INPUT PARAMETERS FROM STERN, 1985 •

fluid density 1000 kg/m 3

fluid bulk modulus 2.0 X 109 4Pa
porosity 0.47 0
grain density 2650 kg/m 3

pore size parameter 1.0 X 10-5  m
viscosity 1.0 X 10-3  kg/m-s
permeability 1.0 X 10-10 m2 •
grain bulk modulus 3.6 X 1010 iPa
frame shear modulus 2.61 X 107 4Pa

shear logarithmic decrement 0. 15
frame bulk modulus 4.36 X 108 pPa 0
bulk logarithmic decrement 0.15
gas bulk modulus 2.48 X 105

0

22



1800-

1400-

1200-

E

1 00-
0

6J.-

200-

FREQUENCY - Hz

* FIGURE 3.2
BlOT MODEL WAVE SPEEDS USING PARAMETERS

FROM STERN, 1985 (TABLE 3.1)

ARL:UT
AS-91 -269

23 FAB - GA
* 6-12-91 Cr11



a function of frequency. At our experimental frequencies of 30 and 60 kHz, Biot

fast and slow waves are predicted to be 1700 m/s and 500 m/s, respectively.

At first glance the above data does not seem to model our experimental

results very well. One must consider, however, that some of the input

parameters are difficult to measure accurately. The Biot wave speeds
sometimes depend quite sensitively on these parameters. Some of these

parameters are the porosity and the bulk and shear moduli of the individual
grains as well as of the solid skeletal frame of the porous medium. In Fig. 3.3

the same calculation as in Fig. 3.2 was carried out, with the exception that two

parameters were modified in such a way that the predicted wave speeds match

those observed experimentally. These modified input parameters are listed in
Table 3.2. The two parameters changed were grain and frame bulk moduli.
The grain bulk modulus was reduced by a factor of 4 from the value for perfect

quartz crystals, and the frame bulk modulus was increased by a factor of 10
from Stern's as--imed value. Since the true values of neither are known, and

both are difficult to measure, there is no evidence to contradict our assumed
values. Furthermore, our assumed values are not improbable for the following
reasons. Due to imperfections, one should expect the grain bulk modulus of

sand to be less than that of perfect quartz crystals. Due to consolidation over an

extended period, the frame bulk modulus may well be as high as our assumed

value.

3.3 THE EFFECT OF GAS CONTENT

The compressibility of the fluid phase of the medium is another ill-defined

parameter. Its value will depend on the presence of gas within the sediment.
The Biot wave speeds will depend on its value, and therefore on gas content.

Some investigation on the effects of gas content was made using a theoretical
model developed by Hawkins et aL1 5 Hawkins' model was employed to adjust

the effective fluid density and bulk modulus, given a particular gas fraction and

bubble size distribution. These input parameters were then applied to the Biot
model. The Biot wave speeds depended sensitively on gas content, as is

illustrated in Fig. 3.4, where Biot wave speeds are plotted against gas
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TABLE 3.2

MODIFIED BlOT INPUT PARAMETERS

fluid density 1000 kg/m3

fluid bulk modulus 2.0 X 109  p.Pa

porosity 0.47

grain density 2650 kg/m 3

pore size parameter 1.0 X 10- 5  m

viscosity 1.0 X 10- 3  kg/m-s

permeability 1.0 X 10-10 m2

grain bulk modulus 0.9 X 1010 lLPa

frame shear modulus 2.61 X 107 pPa

shear logarithmic decrement 0.15
frame bulk modulus 4.36 X 109 p.Pa

bulk logarithmic decrement 0.15

gas bulk modulus 2.48 X 105
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content. Since bubble radius should be comparable to pore radius, the mean

bubble radius for this plot was assumed equal to the pore size parameter.

Studies were also made of reflection and transmission coefficients as

functions of gas content. Some simple calculations of these coefficients were

made with Hawkins' model and the Biot theory as described above. Figure 3.5

is a plot of the reflection coefficient as a function of gas fraction and frequency.
Noteworthy is a broad minimum in the reflection coefficient of

100 Hz - 100 kHz when the gas fraction is between 10- 3 and 10- 5 . No

corresponding peak in the transmission coefficient was observed. This broad

minimum may hava important implications for propagation models over a wide

band of frequencies.
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4. CONCLUSIONS

Based on the observations in this experiment as well as those performed

previously by Chotiros, the authors conclude that a slow acoustic wave has

been observed. This conclusion has important implications for ocean bottom

backscatter modeling and for shallow water forward propagation modeling The

Biot model is the most likely explanation of the nature of this slow wave. Before

any conclusions can be made regarding the applicability of the Biot model,

further studies concerning Biot input parameters will be required.

Gas content has a significant effect on sound speeds predicted by the

Biot model. It will have to be accounted for in any theoretical models to be

developed.
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5. PLANS FOR FURTHER WORK

Our plans are to determine if Biot's theory can satisfactorily account for

the slow wave phenomenon. The most direct approach is to develop
experimental techniques to measure the unknown Biot parameters. Of
particular interest are experimental techniques that might be designed to
independently measure the frame bulk modulus, grain bulk modulus, and gas
content. With a more precise knowledge of these quantities, one will be able to
determine the nature of the observed slow acoustic wave and make theoretical
predictions about its behavior.

Following the measurement of the Blot parameters we plan to investigate

the effect of trapped gas bubbles both on the transmission properties of a sandy

sediment and on the backscattering strength at shallow grazing angles. These
studies will fill a substantial gap in the currently used theoretical models. A
theoretical model will be developed and compared with experimental data for
verification.
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